Introduction {#Sec1}
============

Nitric oxide (NO) is a diatomic gas, ubiquitous, globally distributed and has high reactivity with a half-live of a few seconds. In biology NO is a fascinating molecule playing multiple roles in cellular metabolism. It can be damaging through its high reactivity towards proteins causing nitrosylation, nitrosative stress and apoptosis. The "killer effect" of NO is used by higher organisms to defend against microbial pathogens (fungi and bacteria). On the other hand, NO is also beneficial as it acts as a signaling molecule, controlling essential biological processes, such as signal transduction from the cell surface into the cell, responses to abiotic and biotic stresses, as well as development in plants, or vasoconstriction and reproduction in mammals (Alderton et al. [@CR1]; Arasimowicz-Jelonek and Floryszak-Wieczorek [@CR2]; Gardner et al. [@CR13]; Golombek et al. [@CR14]; Gorren and Mayer [@CR16]; Simontacchi et al. [@CR40]).

NO synthesis and signaling roles have been deeply characterized in taxonomic groups as diverse as bacteria, plants and mammals. In animals, the oxidative synthesis involves the conversion of [l]{.smallcaps}-arginine and O~2~ into citrulline and NO by up to three isoforms of the so-called nitric oxide synthase (NOS) (Alderton et al. [@CR1]; Gorren and Mayer [@CR16]; Lamotte et al. [@CR20]). In higher plants, the existence of an enzymatic [l]{.smallcaps}-arginine-dependent synthesis of NO has been demonstrated, although no homology with known NOS has been found in fully sequenced plant genomes (Prochazkova et al. [@CR33]; Simontacchi et al. [@CR40]). The reductive NO synthesis was shown to be widespread in plants, and involves the action of the nitrate reductase at saturating nitrite concentrations under reductive conditions (excess of NAPDH) (Lamotte et al. [@CR20]; Rockel et al. [@CR35]; Yamasaki [@CR50]; Yamasaki and Sakihama [@CR51]). Additional reductive pathways have been also found in mammals that allow the conversion of nitrite to NO with the involvement of different enzymes such as cytochrome*c*, P450 or deoxyhaemoglobin in the heart and wall vessels. Finally, non-enzymatic mechanisms such as conversion of nitrite to NO under acidic conditions also produce significant amounts of NO (Zweier et al. [@CR58]).

However, and surprisingly, NO biosynthesis and function have been poorly studied in the fungal kingdom, counting over 1.5 million estimated species with a wide distribution (Stajich et al. [@CR42]). Fungi can grow saprophytically as free organisms, engage in mutualistic interactions with other organisms or parasite plants, animals or even other fungi. Although regulation of nitrogen assimilation and metabolism has been extensively investigated in fungi (Arst and Cove [@CR3]; Berger et al. [@CR8]; Caddick et al. [@CR9]; Magasanik and Kaiser [@CR24]; Marzluf [@CR28]; Schinko et al. [@CR38], [@CR39]; Strauss et al. [@CR43]; Todd et al. [@CR46]), the study of NO metabolism has lagged behind despite the fact that it was shown already many years ago that fungal cells produce NO (Ninnemann and Maier [@CR31]). However, the rather basic question of how fungi synthesize NO has remained elusive probably also because fungal genomes do not contain obvious mammalian-type NOS. It was demonstrated that fungal cells are capable of denitrification and ammonium fermentation (Takaya [@CR45]), processes that are triggered in response to hypoxia in an attempt to survive. Under these stringent low oxygen conditions, NO is generated and activates the fungal responses to nitrosative stress (Hillmann et al. [@CR17]). Denitrification allows fungi to respire nitrate under anoxic conditions whereas they assimilate nitrate and nitrite into amino acids under aeration. In *Fusarium* it was found that denitrification involves the action of a nitrate reductase (NR), a nitrite reductase (NiR) and a nitric oxide reductase (Nor) to transform nitrate into nitrite and further reduce it to N~2~O (Kobayashi and Shoun [@CR19]). But how nitrite is further reduced to NO in this pathway remains obscure for the moment. Ammonium fermentation consists of the dissimilatory reduction of nitrate, in which nitrate is employed as a terminal acceptor of electrons, and is coupled to ethanol oxidation under anoxic conditions. Similarly to the assimilatory pathway, it produces ammonium, it was found to be cytosolic, and involves the assimilatory nitrate and nitrite reductases (*niaD* and *niiA*, respectively) in *A. nidulans* (Takasaki et al. [@CR44]). Recent data from our laboratories show that full NO production requires a functional NR gene that is regulated independently from its role in nitrogen assimilation, and therefore contributes partially to NO production in *Aspergillus* (Marcos et al. [@CR27]; Schinko et al. [@CR38]).

NO homeostasis in fungi {#Sec2}
=======================

Due to the multiple roles and short life of NO, balancing the proper NO concentration at each stage of fungal life cycle is critical. This is accomplished not only through biosynthetic reactions but also by detoxifying mechanisms (Fig. [1](#Fig1){ref-type="fig"}). There was some progress through the characterization of two flavohemoglobins in *A. nidulans* by Schinko et al. ([@CR38]) who reported an essential function of these genes when the fungus grows on nitrite at low pH, which naturally releases NO through decomposition. To combat the nitrosative stress originating from developing nitrite, the authors showed that the oxidation of NO to nitrate by these flavohemoglobins is essential. The mutants generated in these studies were also useful for deciphering NO anabolism in this model fungus (see below). The role of the flavohemoglobins in NO metabolism has also been reported in other fungi including *A. oryzae* and *A. fumigatus*, yeasts, *Cryptococcus*, *Candida* and *Botrytis* (de Jesus-Berrios et al. [@CR11]; Hromatka et al. [@CR18]; Lapp et al. [@CR21]; Liu et al. [@CR22]; Philippe et al. [@CR32]; Turrion-Gomez et al. [@CR48]; Ullmann et al. [@CR49]). In addition to the flavohemoglobins, other proteins have also been found to be involved in the detoxification of NO. For example, the porphobilinogen deaminase *hemC* acts by promoting the activity of the flavohemoglobins through an unknown mechanism, while the NO-inducible nitrosothionein *ntpA* scavenges NO through S-nitrosylation in *A. nidulans* (Zhou et al. [@CR56], [@CR57]). A S-nitrosoglutathione (GSNO) reductase converts GSNO into ammonia and oxidized glutathione (GSSG) in *Cryptococcus neoformans* and *Magnaporthe oryzae* (de Jesus-Berrios et al. [@CR11]; Zhang et al. [@CR54]).Fig. 1NO biosynthetic and metabolic routes known in fungi and its role in fungal biology. **a** NO in fungi can originate from biosynthetic pathways or from external sources, such as the nitrosative stress generated by animal or plant hosts to combat fungal infections. Only one reductive pathway for the synthesis of NO has been deciphered in fungi, which involves an assimilatory nitrate reductase. Four detoxification mechanisms have been identified in fungi, of which three of them result in the conversion of NO into ammonium, nitrous oxide or nitrate. The diagram includes gene names from several fungal species to provide a broad view of the NO homeostasis in the fungal kingdom. NO regulates nitrogen metabolism through the inactivation of the nitrate reductase (and maybe some other mechanisms) and it is one of the earliest signals during the transition from vegetative growth to reproduction. **b** Staining of vegetative hyphae with the NO-sensitive fluorescent dye DAF-FM diacetate. **c**, **d** Micrograph of a conidiating culture of *A. nidulans* showing strong DAF-FM diacetate signal in the conidiophores **d**

Fungal genomes are devoid of NOS orthologs, and only distantly related NOS-like proteins could be found (Alderton et al. [@CR1]; Gorren and Mayer [@CR16]; Lamotte et al. [@CR20]; Samalova et al. [@CR37]; Zhang et al. [@CR53]). However, deletion of genes involved in the biosynthesis of arginine or the NOS-like gene in in the rice blast fungus *M. oryzae* (Samalova et al. [@CR37]; Zhang et al. [@CR53]) and in *A. nidulans* (our own unpublished results) did not affect NO synthesis, which has hampered the progress of the studies of the fungal NO anabolic routes. Additional deletion of NR and NiR in *M. oryzae* did not impair NO synthesis either (Samalova et al. [@CR37]; Zhang et al. [@CR53]). In a recent report we were able to demonstrate that fungi can synthesize NO from nitrate by means of NR (Marcos et al. [@CR27]). To demonstrate this pathway, the combination of flavohemoglobin mutations in the same genetic background in *A. nidulans* with mutations in the nitrate assimilation pathway and its regulators was required, and allowed us to decipher the role of NR in NO biosynthesis. Surprisingly, the expression of the NR gene *niaD* and the NO levels were regulated during development even in the presence of the repressing nitrogen source ammonium (Fig. [1](#Fig1){ref-type="fig"}). The general regulator of nitrogen metabolism AreA and the nitrate pathway specific regulator NirA were responsible for this regulation (Marcos et al. [@CR27]).

Additional tools that might help to study NO biosynthesis in fungi are provided by bioactive peptides known to increase NO production. Some of these bioactive peptides display anti-hypertensive properties and induce NO production in cultured human cells, which has been linked to their blood pressure-lowering effect (Manzanares et al. [@CR26]). Also, the synthetic antifungal hexapeptide PAF26 specifically induces the expression of genes involved in the biosynthesis of arginine and the production of NO as part of the killing mechanism in *S. cerevisiae* (Carmona et al. [@CR10]; Lopez-Garcia et al. [@CR23]). Deletion of the *ARG1* gene blocks the peptide-induced NO production and increases yeast tolerance to PAF26, while the NOS inhibitor L-NAME protects yeast cells from peptide toxicity, thus supporting an arginine-derived production. Although these findings could not be translated to filamentous fungi (our own unpublished data), they indicate that bioactive peptides may add new tools to the study of NO synthesis in fungi.

Role of NO during fungal pathogenesis {#Sec3}
=====================================

Fungi can engage in interactions with other organisms, some of which are parasitic. At this respect, it is intriguing that pathogenic fungi may employ NO as a signaling molecule to infect plants (McQuarters et al. [@CR29]; Samalova et al. [@CR37]), while plants seem to employ nitrosative stress (i.e. NO) to combat fungal infections. For example, *Botrytis* produces NO during infection depending on the plant host and the infection stage (Turrion-Gomez and Benito [@CR47]) and in *M. oryzae* removal of NO resulted in decreased pathogenicity (Samalova et al. [@CR37]). At the same time, it is well described in different plant-pathogen interactions that the infection provokes a NO burst (Delledonne et al. [@CR12]). For example, this has been found in the case of the interaction of *Botrytis* with tobacco (Asai and Yoshioka [@CR4]) or *Arabidopsis* (Baarlen et al. [@CR6]). *Arabidopsis* mutant lines displaying increased NO levels (due to a mutation in the flavohemoglobin GLB1) showed increased levels of the stress-related plant hormones jasmonic acid and ethylene, and increased resistance to *Botrytis cinerea* infections, while decreased NO levels in GLB1 overexpressing lines resulted in the opposite phenotype (Mur et al. [@CR30]). Moreover, mutants of *M. oryzae* lacking the NO-detoxifying enzyme*S*-(hydroxymethyl)-glutathione dehydrogenase (SFA1) exhibited reduced pathogenicity, and were delayed in the primary infection and growth inside the host (Zhang et al. [@CR54]). However, the effects of the NO burst on the plant defense to pathogens seem to be specific for each case. For example, decreased NO levels in tobacco increased the susceptibility to *Colletotrichum* but not to *Phytophtora infestans* (Asai et al. [@CR5]). In other pathosystems deletion of the fungal flavohemoglobin did not affect *Botrytis* pathogenicity (Turrion-Gomez et al. [@CR48]).

Supplementation of tomato fruits with arginine increased the resistance to *Botrytis* infections through NO biosynthesis in a process regulated by MAPKs (Zheng et al. [@CR55]). The NO burst in the plant response to the pathogen infection is mediated by a cascade of MAPK and salicylic acid signaling (Asai et al. [@CR5]; Asai and Yoshioka [@CR4]). In this case, it was suggested that NO could be synthesized by using the nitrate-NR pathway (Asai and Yoshioka [@CR4]; Rasul et al. [@CR34]; Zhang et al. [@CR52]), although intriguingly the NOS inhibitor L-NAME (an arginine analog) affected NO production (Rasul et al. [@CR34]). The NO burst was found to occur in the adjacent areas to the infection zone. But other authors also suggest that the NO produced by the fungus during the infection diffuses into the plant (Turrion-Gomez and Benito [@CR47]).

The scenario in the case of animal pathogens is similar to the one described in plants. For example, deletion of FHB1 and GNO1 (GSNO reductase) results in attenuated virulence of *Cryptococcus neoformans* in a murine model, whereas deletion of iNOS in the animal restored the virulence (de Jesus-Berrios et al. [@CR11]). Similarly, YHB1 deletion in *Candida albicans* shows moderately attenuated virulence (Hromatka et al. [@CR18]; Ullmann et al. [@CR49]). However, the virulence defect in this case is not suppressed by deletion of the host NOS2 gene (Hromatka et al. [@CR18]). In contrast to *Cryptococcus* and *Candida*, deletion of the flavohemoglobins and/or GSNO reductase did not impaired or attenuated *A. fumigatus* virulence (Lapp et al. [@CR21]; Philippe et al. [@CR32]).

Role of NO during fungal morphogenesis and reproduction {#Sec4}
=======================================================

NO has also been found to regulate morphogenesis and reproduction in several fungal species (Baidya et al. [@CR7]; Gong et al. [@CR15]; Hromatka et al. [@CR18]; Maier et al. [@CR25]; Marcos et al. [@CR27]; Ninnemann and Maier [@CR31]; Song et al. [@CR41]). In this way, fungi also behave in an analogous way to mammals. *A. nidulans* poses an interesting case, since asexual and sexual reproduction (homotallic or self-mating) can occur in a single colony and are in balance depending of the external signals (Rodriguez-Romero et al. [@CR36]). NO boosts immediately after switching from vegetative growth to the developmental programs, which suggests that it could be one of the earliest signals triggered upon induction of development, regardless of whether it is sexual or asexual. The NR gene *niaD* and the flavohemoglobin B gene *fhbB* were found to be developmentally regulated, which points to a link between metabolism and development (Marcos et al. [@CR27]). Intriguingly, NO represses asexual reproduction while promoting the sexual one. Light, which also modulates the balance between both reproduction programs, is involved in the regulation of the expression of *fhbB* and the NO levels (Marcos et al., manuscript in preparation). Additionally, NO participates in the regulation of nitrogen metabolism during nitrate assimilation in *A. nidulans* (Marcos et al. [@CR27]; Schinko et al. [@CR38], [@CR39]). Whether these events are regulated in a similar manner or employ different mechanisms requires further studies.

Conclusions and future perspectives {#Sec5}
===================================

Different biosynthetic/detoxification routes exist in fungi, similarly to other organisms. It is possible that there are specific biological processes in which NO is involved that are specifically connected to different and process-specific biosynthetic routes. For example, it is not known whether the nitrate assimilation route is essential or necessary for fungal pathogenesis, either by conferring fungi the capacity to use the NO-derived nitrate as nitrogen source, or by the production of NO as a signaling molecule for other processes such as morphogenesis. It could be that the fine tuning of the NO synthesis and metabolism to maintain physiological levels is essential to maintain the proper balance to control biological processes, such as pathogenesis, growth, morphogenesis and reproduction. The extensive previous knowledge on the regulation by light and nitrogen in *Aspergillus* and the recently discovered connections to NO biology provide a useful toolbox to decipher the complex mechanism and regulation of NO biosynthesis in fungi. The regulatory pathways in which NO is involved are barely understood in fungi, and are becoming necessary to determine the complex interaction of fungal pathogens and their hosts.
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